Background: CHD5 is a tumor suppressor and putative chromatin remodeling ATPase, although its activity is unknown. Results: We found that CHD5 is a unique remodeling enzyme that partially unwraps the nucleosome. Conclusion: CHD5 makes nucleosomal DNA accessible without nucleosome repositioning. Significance: Our discovery adds to the diversity of known remodeling activities.
tion of 1p36.3 and promoter silencing is correlated with a poor prognosis, and neuroblastoma cells that express CHD5 are more responsive to treatment than those that have lost CHD5 expression (9) .
Despite the link between CHD5 and tumor suppression, the role of CHD5 in cells remains poorly understood. CHD5 appears closely related to CHD4 (also known as Mi-2␤), a reported nucleosome sliding factor that is a subunit of the Nucleosome Remodeling and Deacetylase (NuRD) complex (10 -13) . In humans, CHD4 appears to be widely expressed (14) and, despite the sequence similarity with CHD5, does not appear to compensate for the loss of CHD5 in CHD5-deficient tumors. Rat CHD5 has been shown to interact with some subunits of the NuRD complex, suggesting that CHD5 may also play a role in the regulation of transcription (15) . A recent genome-wide study of CHD5 has found that CHD5 binds to promoters near transcription start sites, providing further evidence that CHD5 may function as a transcriptional regulator (16) .
Despite the links between CHD5 and tumor progression, it is not known what effect the activity of CHD5 has on chromatin structure. ATP-dependent chromatin remodeling enzymes act on chromatin in different ways (reviewed in Refs. 17). For example, chromatin assembly is mediated by the ISWI and CHD1 ATPases, while nucleosome disruption has been linked to SWI/SNF factors, such as the mammalian BRG1 and BRM ATPases. In addition, histone exchange is carried out by the INO80-family of remodelers. The precise mechanisms by which ATP hydrolysis is coupled to chromatin remodeling is not entirely understood. One proposed mechanism for another chromatin remodeling activity, nucleosome repositioning, is a loop propagation model (18 -22) . In this model, ϳ30 bp of the linker DNA is fed into the nucleosome, which causes a small section of DNA to loop-out. This loop is then propagated around the nucleosome, and once the loop reaches the other end, the nucleosome would have been repositioned by 30 bp. Nucleosome repositioning allows for DNA within the nucleosome to move to the linker region between nucleosomes, thereby becoming more accessible to DNA-binding proteins.
In our current study, we analyzed the biochemical activity of CHD5 and found it remodels chromatin in a way that is distinct from that of other, well-studied chromatin-remodeling factors. CHD5 loops-out or unwraps the nucleosomal DNA at one or two internal sites located at 40 to 50 bp from the ends of the nucleosome, without repositioning the nucleosomes. CHD5 appears to have low processivity and remains bound to the remodeled nucleosomes. This suggests that CHD5 exposes nucleosomal DNA through stable looping out of the DNA. We also found that while the related family member CHD4 is a robust chromatin remodeling ATPase, it does not appear to efficiently unwrap nucleosomes as observed for CHD5. The finding that CHD5 is a unique remodeler is consistent with the evidence that loss of CHD5 expression causes defects in cell proliferation, and may shed light on the reason why other remodeling factors are unable to compensate for the absence of CHD5.
EXPERIMENTAL PROCEDURES
Protein Purification-The human wild-type CHD5, mut CHD5, and BRG1 proteins were expressed as FLAG-tagged fusions using the Bac-to-Bac baculovirus expression system (Invitrogen), as previously described for other ATPases (23, 24) . Mutant CHD5 is identical to the wild-type protein except it contains a 2 amino acid substitution of D847A and E848A. Recombinant Drosophila ACF, NAP1, and native core histones were purified as described (25) . Protein concentrations were estimated using A 280 absorbance and SDS-PAGE followed by Coomassie Blue staining, with standards.
HaeIII Accessibility Assay-The restriction enzyme accessibility assay using HaeIII was performed essentially as previously described (26) . Briefly, plasmid DNA (pGIE-0) was assembled into chromatin by salt dialysis, using purified Drosophila core histones. The average number of nucleosomes per array was estimated at 12, based on the patterns of partial digestion using MNase titration and agarose gel analysis (data not shown). The remodeling reactions were performed in Reaction Buffer (20 mM Tris-acetate, pH 7.9, 50 mM potassium acetate, 10 mM magnesium acetate, 1 mM DTT). Either 3 mM ATP or UTP (as a minus ATP control) was included, where indicated. Each reaction also contained 0.7 g of chromatin (DNA), 0.5 l HaeIII (New England Biolabs), and 1 g of CHD5 (wild-type or mutant), 1 g of ACF, or 2 g of BRG1. Reactions proceeded at 30°C for 2 h, were stopped with Stop Buffer (20 mM EDTA, 1% SDS, 0.2 M NaCl, 0.25 mg/ml glycogen, 0.06 mg/ml proteinase K), phenol extracted, and EtOH precipitated. The purified DNA was resolved on a 1.5% agarose gel and visualized by ethidium bromide staining.
Micrococcal Nuclease Sensitivity Assay-For the MNase digestion assays, plasmid-assembled chromatin (1 g DNA) was incubated with CHD5 (0.3 M), ACF (0.17 M), or BRG1 (0.45 M) in Reaction Buffer with 3 mM ATP or UTP (as a minus ATP control) for 20 min at 30°C. CaCl 2 was added (1 mM final), and the reactions digested with MNase (Worthington) at room temperature for 4 min. The reactions were stopped with Stop Buffer, and the DNA was phenol extracted, EtOH precipitated, and analyzed on an agarose gel with EtBr staining. The DNA marker used was a 123-bp ladder (Invitrogen).
For the glycerol gradient assays, the remodeling reactions containing CHD5 and plasmid-assembled chromatin were scaled almost 2-fold and digested with MNase for 10 min. The reactions were then stopped by adding EDTA (to 10 mM final concentration) and loaded onto a 5-ml linear gradient consisting of 10 to 40% glycerol in Reaction Buffer plus 10 mM EDTA. The gradients were centrifuged at 171,500 ϫ g for 16 h at 4°C. Twenty fractions of 250 l each were collected from the top of the gradient. The DNA in each fraction was phenol extracted, EtOH precipitated, resolved on a 3% agarose gel, and visualized by EtBr staining. The DNA marker used was a 20-bp ladder (Fermentas).
Purified mononucleosomes for remodeling assays (50 ng of DNA) were incubated with CHD5 (10 nM) in Reaction Buffer with ATP or UTP for 20 min at 30°C. CaCl 2 was added (1 mM final concentration), followed by MNase (final concentrations of 0.05, 0.1, 0.25, 0.5, 1 unit/l), and the reactions digested for 4 min at RT. For the time course assays, the ratios of CHD5 to nucleosomes, and the time points are indicated. Following digestion, the reactions were stopped with Stop Buffer and the DNA precipitated and analyzed by PAGE and SYBR green staining.
Restriction Enzyme Accessibility of Mononucleosomes-A 157-bp EcoRI-RsaI fragment containing a Xenopus 5S rDNA sequence was PCR amplified from the plasmid pXP-10 (27) . The fragment was gel purified and assembled into mononucleosomes by salt dialysis, briefly digested with MNase, and purified on a glycerol gradient. The mononucleosomes (20 ng DNA) were incubated with the indicated remodeling factors (0.3 g of each for the reactions with Cac8I or 0.6 g of each for the reactions with EaeI and EcoRV) in Reaction Buffer for 10 min at 30°C. Cac8I (5 units/ml), EaeI (1.5 units/ml) or EcoRV (10 units/ml) (New England Biolabs) was added, and the reactions incubated at 37°C for an additional 1 h. ATP or UTP (3 mM final) was included for the Cac8I and EaeI digestions. For the EcoRV digestion, ATP or AMP-PNP (2 mM final) was included. In the EaeI reactions that contained Nap1 or plasmid DNA, 1 g of Nap1 or 100 ng of pGIE-0 plasmid was included at the beginning of the reactions. DNA fragments were resolved by PAGE and visualized by SYBR green staining.
ATPase Assays of CHD4 and CHD5-The ATPase assays were carried out in 20 l of Reaction Buffer with 0.3 mM ATP, a trace amount of [␥-32 P]ATP and WT CHD4, WT CHD5, or mut CHD5 (22 nM final concentration). Plasmid chromatin (100 ng DNA) was included where indicated. The reactions were incubated at 30°C for 1 h. One microliter of each reaction was spotted on a PEI cellulose plate (EMD Millipore), and the samples were resolved by thin-layer chromatography with 1 M formic acid, 0.5 M LiCl for 1 h. The plates were dried and quantitated with a phosphorimager (Bio-Rad). Each experiment was performed in triplicate, and the mean and standard deviation for each set were determined and displayed in a graph with GraphPad Prism software.
Nucleosome Sliding Assay-The nucleosome sliding assay was performed as described with slight modification (28) . A 359-bp restriction fragment digested from pBSK-359 was assembled into mononucleosomes by salt jump, as previously described (28) . Mononucleomes (50 ng DNA) were incubated for 30 min at 37°C with ACF (20 nM) or CHD5 (120 nM) in a buffer consisting of 10 mM Tris-HCl, pH 7.8, 50 mM NaCl, 3 mM MgCl 2 , and 1 mM 2-mercaptoethanol. ATP or AMP-PNP was included (3 mM), where indicated. EDTA (0.1 mM) and glycerol (6%) were added, and the reactions resolved on a 4.5% polyacrylamide/0.5ϫ TBE gel and visualized by SYBR green staining.
Mononucleosome Mobility Shift Assay-Mononucleosomes (25 ng DNA) used in the micrococcoal nuclease sensitivity assay described above were incubated for 5 min with increasing amounts of wild-type or mut CHD5 (0, 80 ng, 120 ng, 200 ng) in Reaction Buffer supplemented with 12% glycerol and 3 mM ATP or AMP-PNP. The reactions were resolved on an 8% polyacrylamide/0.5ϫ TBE gel and visualized by SYBR green staining.
RESULTS

Chromatin Remodeling by CHD5 Increases Accessibility of
Internal Nucleosome Sites-To study the chromatin remodeling activity of CHD5 and compare its activity with other SNF2like family ATPases, we purified wild-type human CHD5 from baculovirus-infected insect cells ( Fig. 1A ) along with human BRG1 and Drosophila ACF, which contains the ISWI ATPase, as controls. We first tested whether CHD5 is able to remodel chromatin by using an assay that relies on the accessibility of restriction sites in a nucleosome array to a specific restriction enzyme (26, 29 -32) . Like ACF and BRG1, wild-type CHD5 leads to an increase in the accessibility of plasmid chromatin to the restriction enzyme HaeIII in an ATP-dependent manner ( Fig. 1B) . Thus, using a general assay for chromatin remodeling activity, we find that CHD5 is a chromatin remodeling enzyme that is able to modulate the accessibility of chromatin to DNAmodifying enzymes. However, this assay does not distinguish the different types of remodeling activity.
To further characterize the remodeling activity of CHD5, we analyzed the effects of CHD5 on the structure of a nucleosome array. In this assay, plasmid chromatin was incubated with CHD5 followed by partial digestion with micrococcal nuclease (MNase). Because MNase preferentially cuts DNA at proteinfree regions, such as the linker region between nucleosomes, changes in the accessibility of DNA to MNase reflect changes in the structure of the nucleosome array (33) . As a control, we first incubated the nucleosome array with CHD5 in the absence of ATP and then performed a partial MNase digestion. We analyzed the digested DNA fragments by agarose gel electrophoresis and observed the characteristic nucleosome ladder representing mono-, di-, and trinucleosomes (Fig. 1C, lanes 1-4) , which are also observed with ACF and BRG1 in the absence of ATP (Fig. 1C ). We then incubated the nucleosomes with CHD5 and ATP followed by digestion with MNase and observed the appearance of additional nucleosomal DNA species, which migrate at distinct positions between the mononucleosomal and dinucleosomal fragments and between the dinucleosomal and trinucleosomal fragments (Fig. 1C, lanes 5-8) . Incubation with higher amounts of MNase leads to the generation of a DNA fragment shorter than mononucleosomal DNA (Fig. 1C,  lanes 7-8) . Based on the pattern of migration of molecular weight markers, we estimate that these DNA species are ϳ40 to 50 base pairs (bp) smaller than the canonical nucleosomal DNA fragments. These intermediate size DNA fragments do not appear when samples are incubated with ACF or BRG1 in the presence of ATP (Fig. 1C ). To confirm that an intact ATPase domain is required for the remodeling activity of CHD5, we tested a mutant version of CHD5 (mut CHD5) that carries a two amino acid substitution in the conserved DExH box (Fig. 1D,  top) . The distinct pattern of nucleosomal DNA fragments is not detected when the nucleosome array is incubated with mut CHD5 (Fig. 1D, bot) and confirms our finding that the observed remodeling activity of CHD5 is ATP-dependent.
To determine whether CHD5 is capable of increasing MNase accessibility of individual nucleosomes, we investigated the chromatin remodeling activity of CHD5 on mononucleosomes. We purified mononucleosomes by glycerol gradient sedimentation of MNase-digested plasmid chromatin. The purified mononucleosomes were then incubated with CHD5 in the presence of increasing amounts of MNase. In reactions containing CHD5 and ATP, MNase digests the mononucleosomal DNA at an internal site ϳ50 bp from its end ( Fig. 1E ). Digestion of the mononucleosomal DNA is observed even in samples that are incubated with low concentrations of MNase. In contrast, no digestion is detected when mononucleosomes are incubated with CHD5 in the absence of ATP. Together, our results suggest that the altered patterns of MNase digestion observed in the experiments in which nucleosomal arrays are incubated with CHD5 and ATP are due to cleavage of the nucleosomal DNA and not due to protection of extranucleosomal linker DNA by bound CHD5.
We considered two possible mechanisms by which the activity of CHD5 can lead to an increase in the accessibility of the nucleosomal DNA to MNase. First, CHD5 might disrupt histone:DNA contacts (e.g. by looping or unwrapping), leading to the exposure of regions of the nucleosomal DNA to the nuclease. Alternatively, CHD5 could push or slide nucleosomes by 40 to 50 bp off the ends of the DNA, allowing MNase to digest the exposed region. To determine whether CHD5 slides nucleosomes off the ends of DNA, we took advantage of the MNase assays that use plasmid chromatin as substrates. Plasmid chromatin has no free DNA ends off which nucleosomes could slide. Free ends are only generated upon incubation with MNase. Therefore, to eliminate the possibility that the observed remodeling activity of CHD5 requires free DNA ends, we allowed CHD5 to remodel plasmid chromatin in the presence of ATP and then stopped the remodeling activity by depleting the remaining ATP in the reactions with apyrase ( Fig.  1F) , followed by the addition of an excess of a non-hydrolyzable ATP analog (AMP-PNP). We used two concentrations of apyrase and both were sufficient to completely hydrolyze all of the ATP in parallel reactions containing trace amounts of [ 32 P]ATP (data not shown). We then performed the MNase digestion and found that removal of ATP by apyrase before MNase digestion does not inhibit the formation of the intermediate size nucleosomal DNA species (Fig. 1F, lanes 3-6) . This result shows that, once CHD5 remodels nucleosomes, continued ATP hydrolysis is no longer required. Together, our results suggest that the activity of CHD5 leads to an increase in accessibility of the CHD5 Unwraps Nucleosomes JULY 25, 2014 • VOLUME 289 • NUMBER 30
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nucleosomal DNA at an internal site and in a manner not observed for other remodeling factors like ACF and BRG1.
CHD5 Can Remodel Two Sites within Nucleosomes-To better understand the nature of the nucleosomes remodeled by CHD5, we resolved CHD5-remodeled nucleosomes digested with MNase by glycerol gradient sedimentation. Following MNase digestion and sedimentation of the samples incubated with CHD5 in the absence of ATP, we observe a large amount of DNA fragments corresponding to mononucleosomes (ϳ160 bp) and dinucleosomes (ϳ320 bp), which sediment to two distinct positions in the gradient ( Fig. 2A ). After sedimentation of samples incubated with CHD5 in the presence of ATP, we detect mononucleosomal and dinucleosomal DNA in the same fractions as observed for the samples incubated in the absence of ATP ( Fig. 2B ). Importantly, we find that the nucleosomes containing shorter DNA fragments co-sediment with intact nucleosomes. The nucleosomes containing DNA of ϳ115 bp co-sediment with canonical mononucleosomes, whereas the nucleosomes containing DNA of ϳ270 bp co-sediment with canonical dinucleosomes. Thus, the extra bands observed in nucleosome arrays and plasmid chromatin incubated with CHD5 and ATP and digested with MNase represent nucleosomes containing a decrease in the amount of nucleosomal DNA and not an increase in the length of linker DNA.
The glycerol gradient fractions containing mononucleosomes and the shorter ϳ115 bp species also contain a small amount of a DNA fragment of ϳ70 bp (Fig. 2B, right) . Similarly, we detect two shorter DNA fragments (of ϳ270 bp and ϳ220 bp) in the same fractions that contain dinucleosomes. These fragments are not observed in the samples incubated with CHD5 in the absence of ATP ( Fig. 2A, right) . The presence of two distinct species co-sedimenting with canonical mononucleosomes or dinucleosomes suggests that CHD5 is able to increase the accessibility of the DNA to MNase at one or two sites within the nucleosome.
The co-fractionation of canonical dinucleosomes with dinucleosomes containing shorter nucleosomal DNA is consistent with the hypothesis that the activity of CHD5 activity leads to the exposure of internal sites within the nucleosomes but not to nucleosome sliding. The sliding of nucleosomes off the ends of the DNA and subsequent cleavage of exposed DNA by MNase could yield mononucleosomes containing shorter DNA of various lengths but not dinucleosomes containing shorter DNA. In addition, CHD5 activity leads to an increase in the overall digestion of the nucleosome array and yields larger amounts of mononucleosomes (see Figs. 1C and 2 ). This implies that CHD5 is not "pushing" two nucleosomes together (e.g. Ref. 34 ), which would lead to a decrease in the amounts of mononucleosomes observed after MNase digestion.
Incubation of plasmid chromatin with CHD5 in the presence of ATP also generates DNA fragments that sediment near the top of the gradient (i.e. Fig. 2B, fractions 1-6) . These DNA fragments are likely free-DNA ranging in size from 40 to 80 bp, based on molecular weight markers. A more prominent band, corresponding to a DNA fragment with a molecular weight of ϳ70, can be detected in fractions 3 to 5. We suspect that this fragment represents the shortest DNA that is able to remain weakly bound to the nucleosome but can also dissociate from the histones. We also detect the accumulation of small DNA fragments of ϳ50 bp that may correspond to the DNA that is cleaved off the nucleosome by MNase. Significantly less free-DNA was observed in the samples incubated with CHD5 in the absence of ATP ( Fig. 2A) .
Unwrapping of DNA by CHD5 Is Limited to Discrete Positions of the Nucleosome-Our studies show that the chromatin remodeling activity of CHD5 leads to the unwrapping of the DNA at more than one site within the nucleosome. We next FIGURE 1. CHD5 is a chromatin remodeling enzyme that increases accessibility of internal nucleosomal DNA sites. A, purification of wild-type CHD5, mut CHD5, ACF, BRG1. B, restriction enzyme accessibility assay using HaeIII and plasmid-assembled chromatin incubated with CHD5, ACF, or BRG1 in the presence or absence of ATP. DNA fragments were purified and resolved by agarose gel electrophoresis. C, plasmid chromatin was incubated with the indicated remodeling factors and partially digested with increasing amounts of MNase, and the DNA fragments were resolved by agarose gel electrophoresis. DNA fragments corresponding to mono-, di-, and trinucleosomes are indicated. DNA fragments migrating between canonical nucleosome fragments are indicated with solid arrowheads, while fragments migrating faster than mononucleosomes are indicated with the open arrowhead. D, top, alignment of the conserved DExH region from human CHD5, CHD4, and BRG1. Bot, partial MNase digestion assay of plasmid chromatin incubated with either wild-type CHD5 or mut CHD5 (DExH to AAxH mutation). The reactions were divided and partially digested with either a low (left lane) or high (right lane) concentration of MNase. DNA fragments corresponding to mono-, di-, and trinucleosomes are indicated. E, purified mononucleosomes were incubated with CHD5 in the presence or absence of ATP and digested with an increasing concentration of MNase. Following digestion, the DNA was purified, resolved by PAGE, and visualized by SYBR green staining. DNA corresponding to full-length mononucleosomal DNA is indicated as mono. Fragments migrating faster than mononucleosomes are indicated by the open arrowhead. F, left, CHD5 was incubated with plasmid chromatin and ATP. The remaining ATP in the reactions was depleted by incubation with apyrase. A non-hydrolyzable ATP analog (AMP-PNP) was then added, and the chromatin partially digested by MNase. DNA fragments migrating between canonical nucleosome fragments are indicated with solid arrowheads. FIGURE 2. CHD5 increases accessibility of nucleosomal DNA at two sites without significant changes in nucleosome mass. Chromatin was incubated with CHD5 in the absence (A) or presence (B) of ATP, digested with MNase, and loaded onto a 10% to 40% linear glycerol gradient. Following sedimentation, fractions were collected, and the DNA in each fraction was purified and resolved by agarose gel electrophoresis. To better visualize the DNA fragments, peak fractions were resolved by PAGE and visualized by SYBR green staining. DNA fragments corresponding to mono-, di-, and trinucleosomes are indicated. DNA fragments derived from mononucleosomes digested at one internal site are indicated with the open arrowhead and those digested at two sites are indicated with the asterisk. DNA fragments from dinucleosomes digested at one internal site are indicated with the solid arrowhead, and fragments from dinucleosomes digested at two sites are indicated with the double asterisk.
investigated whether the CHD5-mediated unwrapping of the nucleosomal DNA extends through the dyad. Unwrapping of DNA through the dyad would be consistent with a loop propagation model of chromatin remodeling (18 -22) . To determine whether CHD5 increases the accessibility of nucleosomal DNA near the dyad, we reconstituted mononucleosomes in vitro, using a defined DNA sequence that contains the natural Xenopus 5S rDNA nucleosome positioning sequence (35, 36) with various restriction sites. We then removed all free and extranucleosomal DNA through digestion with MNase and purified the reconstituted mononucleosomes by glycerol gradient sedimentation. Next, we incubated the mononucleosomes with CHD5 and a restriction enzyme and determined whether the activity of CHD5 leads to an increase in the accessibility of its respective restriction site. When mononucleosomes were incubated with Cac81, which cleaves at the dyad, we did not observe a significant increase in the digestion of DNA treated with CHD5, ACF, or BRG1 in the presence of ATP (Fig. 3A) , as compared with mononucleosomes treated with the same remodeling factors in the absence of ATP. These results indicate that the activity of CHD5 does not lead to an increase in the accessibility of this site, suggesting that CHD5 does not unwrap the nucleosomal DNA at the dyad. In contrast, when the mononucleosomes were digested with EcoRV, which cleaves at a site ϳ44 bp from one end of the nucleosomal DNA, we observed a significant increase in the digestion of the DNA in the samples incubated with CHD5 in the presence of ATP (Fig. 3B) , as compared with the samples treated with CHD5 in the absence of ATP. Digestion of the nucleosomal DNA with EcoRV was not affected when mononucleosomes were incubated with ACF or BRG1, in the presence or absence of ATP, suggesting the activity of CHD5 is not shared with these remodeling enzymes.
The same mononucleosome accessibility assay was performed with the restriction enzyme EaeI, which cleaves at a site ϳ70 bp from one end (i.e. between the EcoRV and Cac8I sites). None of the tested remodeling factors led to a significant increase in digestion with EaeI (Fig. 3C) , confirming that the activity of CHD5 is limited to specific sites within the nucleosome. We repeated the EaeI digestion in the presence of either the histone chaperone NAP1 (Fig. 3D) , which has been shown to aid nucleosome disruption (37) , or plasmid DNA (Fig. 3E) , which would capture any dissociated histones and prevent them from rebinding to the 5 S rDNA template. In neither case did we observe an increase in accessibility of the EaeI site of mononucleosomes treated with CHD5 in the presence of ATP. A slight ATP-dependent increase in the accessibility of all three restriction sites was observed in samples incubated with BRG1 in the presence of ATP, which is consistent with reports that BRG1 exhibits weak nucleosome disruption activity on mononucleosomes (18) . We should note that the digestion of naked DNA by Cac8I, EcoRV, and EaeI is not affected by incubation with CHD5, ACF, or BRG1 (data not shown). Together, our data suggest that CHD5-mediated unwrapping of nucleosomal DNA is limited to regions positioned at 40 to 50 bp from the entry or exit sites of the nucleosome and does not extend through the dyad. Our results also indicate that the remodeling activity of CHD5 does not result in complete nucleosome disruption.
CHD5 Has Increased Affinity for Remodeled Nucleosomes-We have shown that continuous ATP hydrolysis by CHD5 is not required to maintain nucleosomes in a remodeled state (Fig. 1D) . This raises the possibility that nucleosomes remodeled by CHD5 are stable and have low mobility. To investigate this, we used a 359 bp restriction fragment and assembled mononucleosomes, which were then resolved by native polyacrylamide gel electrophoresis (PAGE). Based on the migration of the mononucleosomes, we observe four major nucleosomes species, which were previously shown to represent the four preferred nucleosome positions (28) . We then incubated the assembled mononucleosomes with CHD5 or ACF and examined whether any significant repositioning of nucleosomes occurred. In the presence of ATP, ACF repositions the nucleosomes resulting in an increase in two of the four nucleosome positions. In contrast, CHD5 did not exhibit any detectable nucleosome repositioning in our assays. Thus, while we cannot completely exclude the possibility that CHD5 confers some degree of nucleosome mobility, our results show that the remodeling activity of CHD5 does not lead to significant mononucleosome repositioning. This is consistent with our previous finding (Fig. 1F ) that the increase in MNase accessibility of plasmid chromatin by CHD5 is not due to the sliding of nucleosomes off of free DNA ends.
One possible explanation for the fact that CHD5 increases nucleosomal DNA accessibility without promoting significant dissociation or repositioning of mononucleosomes is that CHD5 unwraps nucleosomes yet remains bound to the them. To investigate this, we performed a gel mobility shift assay, in which we analyzed the binding of wild-type or mut CHD5 to purified mononucleosomes by PAGE. Using this assay, we observed a shift in the migration of mononucleosomes only in reactions containing wild-type CHD5 and ATP (Fig. 4B ). Mononucleosome binding is nearly undetectable in reactions containing wild-type CHD5 and the non-hydrolyzable AMP-PNP, or in reactions containing mut CHD5. These results suggest that, in the presence of ATP, CHD5 remodels nucleosomes and remains bound to them. We should note that in sliding assays such as the one shown in Fig. 4A , we also observe a mobility shift of mononucleosomes when we increase the concentration of CHD5 beyond the one shown in Fig. 4A (data not shown) . We would also like to note that while the binding of CHD5 to mononucleosomes is enhanced in the presence of ATP, we cannot be certain that the shift in mobility of mononucleosomes is solely due to CHD5-binding. It is possible that some of the observed mobility shift is due to alterations of nucleosome structure caused by the remodeling activity of CHD5. Further, while the affinity of CHD5 for nucleosomes is increased in the presence of ATP, CHD5 binding may not be required to maintain the remodeled state.
The increase in affinity for nucleosomes in the presence of ATP raises the possibility that CHD5 has low processivity and does not readily move from one nucleosome to another. To investigate this, we analyzed whether CHD5 has a tendency to persist on remodeled nucleosomes If so, then reactions containing a sub-stoichiometric amount of CHD5 relative to the amount of nucleosomes should yield a limited number of remodeled nucleosomes that do not significantly increase over time. On the other hand, if CHD5 quickly dissociates following remodeling and is free to bind and remodel other nucleosomes, then the number of remodeled nucleosomes should steadily increase over time. To determine the processivity of CHD5, mononucleosomes were incubated with CHD5 in the presence of ATP and MNase for increasing amounts of time. After the reactions were stopped, the DNA fragments were analyzed by PAGE. We used CHD5:nucleosome ratios of ϳ2:1 and 0.25:1, and at both ratios, we observed remodeling of mononucleosomes within 10 min, as indicated by the generation of a DNA species of ϳ115 bp (Fig. 4D ). The number of nucleosomes that were digested by MNase increased slightly between 10 and 30 min, but appeared to remain constant after 30 min in the reactions containing sub-stoichiometric amounts of CHD5 (e.g. 0.25:1 ratio). Between 60 and 90 min, we detected some loss of full-length mono-nucleosomal DNA in all reactions, including those lacking CHD5. This is likely due to nonspecific digestion of the DNA by MNase. These results indicate that, once CHD5 remodels nucleosomes, it does not rapidly dissociate and continue remodeling other nucleosomes. The observed persistence of CHD5 on remodeled nucleosomes digested with MNase also suggests that the prolonged interaction of CHD5 with the nucleosomes is not dependent on the presence of a full nucleosomal DNA fragment. Our findings are consistent with a genome-wide binding study (16) that found that CHD5 is enriched within a narrow region DNA surrounding transcription start sites of its genomic targets. This implies that CHD5 has a tendency to stably bind to nucleosomes within promoter regions. It is possible that CHD5 found at the promoter regions functions to increase the accessibility of nucleosomal DNA to DNA-binding factors. (28) . CHD5 (125 nM) or ACF (20 nM) were incubated with the mononucleosomes in the presence of ATP or AMP-PNP (as a minus ATP control). The reactions were then analyzed by native PAGE and SYBR green staining. B, gel mobility shift assays were performed using increasing amounts of wild-type CHD5 or mut CHD5 incubated with purified mononucleosomes in the presence of ATP or non-hydrolyzable AMP-PNP. The reactions were then resolved by native PAGE and visualized by SYBR green staining. C, sub-stoichiometric amounts of CHD5 do not lead to remodeling of all available nucleosomes over time. Purified mononucleosomes were incubated with CHD5 at the indicated ratios and in the presence of ATP and MNase. The reactions were stopped at various times Previous studies have suggested that nucleosomes exist in a dynamic state in which spontaneous unwrapping or peeling of the DNA from a nucleosome occurs at a low frequency (38, 39) . If true, it is likely that CHD5 acts either to catalyze the unwrapping or to stabilize the unwrapped state. Under our experimental conditions, we observe very little MNase digestion of mononucleosomes in the absence of CHD5 (Fig. 4C ) or in the presence of CHD5 without ATP (Fig. 1E ). To better analyze the rate of nucleosome accessibility catalyzed by CHD5 and ATP, we extended the time course experiment to include early time points. In reactions containing excess CHD5 and ATP, we observe MNase digestion within 30 s, and the digestion increases throughout the 30 min time course. In contrast, we observe only a small amount of MNase digestion in the reactions lacking ATP. These results show that under the conditions in which CHD5 rapidly increases nucleosomal DNA accessibility, spontaneous nucleosome unwrapping is not readily detected. Using the results of this time-course and replicate assays, we were able to estimate the rate of remodeling by CHD5 in the presence of ATP. We estimate the initial k cat at 0.16 Ϯ 0.03 min Ϫ1 for CHD5 on mononucleosomes. This rate is consistent with the remodeling rates reported for other ATPdependent remodeling enzymes examined under similar conditions (40, 41) .
CHD4 Is Less Robust Than CHD5 at Nucleosome Unwrapping-Several reports have shown that loss of CHD5 is linked to cellproliferation defects and cancer (4 -8) in cells that still express CHD4, indicating that CHD4 is unable to fully compensate for the absence of CHD5. To compare the remodeling activities of CHD4 and CHD5, we purified recombinant human CHD4 using the same purification strategy described above for CHD5. We then analyzed the specific activities of CHD4 and CHD5 using a standard ATPase assay. We measured the amount of ATP hydrolyzed by wild-type CHD5, wild-type CHD4, or mut CHD5 in the presence or absence of plasmid chromatin. We found that wild-type CHD4 and wild-type CHD5 have comparable levels of ATPase activity, which are stimulated by the presence of chromatin, with CHD4 having a slightly higher specific activity than CHD5 (Fig.  5A) . We then compared the chromatin remodeling activities of CHD4 and CHD5 using the restriction enzyme accessibility assay and plasmid chromatin as the substrate. As observed with CHD5, ACF, and BRG1, CHD4 is able to stimulate digestion of the plasmid chromatin by the restriction enzyme in an ATP-dependent manner (Figs. 5B and 1B), confirming that our purified CHD4 is active. We then incubated CHD4 and CHD5 with plasmid chromatin and performed a partial MNase digestion using similar conditions to the experiments performed with CHD5, ACF, and BRG1 shown in Fig. 1A . Unlike CHD5, CHD4 does not lead to significant MNase digestion at internal sites within the nucleosome (Fig. 5C ). The lack of clear unwrapping activity observed CHD4 cannot be explained by differences in the specific activity between CHD4 and CHD5, as CHD4 is as active as CHD5 in the ATPase and restriction enzyme accessibility assays. We cannot rule out the possibility that CHD4 has latent unwrapping activity that is stimulated under different conditions.
DISCUSSION
The link between the loss of CHD5 expression and progression of neuroblastoma suggests that CHD5 plays an essential and unique role in neurons. We have analyzed the chromatin remodeling activity of CHD5 and found it increases DNA accessibility within the nucleosome through a DNA unwrapping mechanism. This type of unwrapping activity has not been observed for other chromatin remodeling enzymes and adds to the diversity of known chromatin remodeling activities, which include chromatin assembly, nucleosome disruption, histone exchange and nucleosome sliding (reviewed in Ref. 17 ). Based on our data, we believe that CHD5 acts to stably unwrap nucleosomal DNA at sites positioned ϳ40 to 50 bp from the entry/exit points of the nucleosome, without the requirement for complete nucleosome displacement or disruption. We predict that CHD5 unwraps the nucleosomal DNA by transiently altering the histone:DNA contacts of the DNA entering the nucleosomes until a stably unwrapped site is formed. Previous studies on the dynamic nature of nucleosomes have suggested that nucleosomal DNA can transiently unwrap, particularly where the DNA enters and exits the nucleosome (38, 39) . Thus, CHD5 could serve to catalyze and stabilize this spontaneous unwrapping of nucleosomal DNA that occurs at a low frequency in the absence of CHD5.
The precise mechanism of nucleosome unwrapping by CHD5 is not known, yet it is possible that CHD5 initiates the unwrapping of nucleosomes in a manner similar to other chromatin remodeling factors that have been shown to reposition nucleosomes via the propagation of a transient loop starting at 50 bp from the entry side of the nucleosome (18 -22) . However, CHD5 does not appear to propagate the unwrapped loop around the nucleosome and has higher affinity for remodeled nucleosomes. The mechanism by which CHD5 accomplishes this distinct remodeling activity is not currently known. The CHD3/4/5 subgroup of the CHD family of chromatin remodeling enzymes is characterized by the presence of tandem chromodomains and PHD fingers, both of which are histone binding motifs (2, 16, 42) . Whether these motifs play a direct role in the remodeling activity of CHD5 is not clear, although it is likely they help target CHD5 to chromatin and may serve to regulate the activity of CHD5 until it encounters a nucleosome.
The stable unwrapping of sites within the nucleosome by CHD5 possibly serves to enhance the exposure or accessibility of both the nucleosomal DNA and the underlying histones to DNA-binding or modifying enzymes and to histone-modifying enzymes, respectively. The reports that CHD5 interacts with transcription factors (15) , and it is enriched at promoter regions (16) are consistent with our model that CHD5 remodels nucleosomes to expose nucleosomal DNA at promoters. CHD5 could accomplish this by unwrapping DNA to create longer stretches of linker DNA or by potentially flipping out nucleosomes from higher order nucleosome arrays. It is important for future investigations to determine the impact of cofactors on the remodeling activity of CHD5. If, like CHD4, CHD5 is part of a NuRD-like complex (15) , its cofactors may regulate the activity of CHD5 or aid in targeting CHD5 to specific chromatin domains. At the least, the unwrapping activity of CHD5 should facilitate the binding of DNA-binding cofactors, which could mask the accessibility of the nucleosomal DNA in the experiments we have reported.
Overall, our study adds to the increasing evidence that cells evolved multiple, distinct ATP-dependent mechanisms to alter chromatin structure. Our cells contain numerous ATP-dependent remodeling proteins. The fact that mutations or deletions of many remodeling factors are linked to human diseases suggests they have non-overlapping roles. This may be partially due to spatial and temporal differences in expression of some remodeling factors, differences in cofactor association, or differences in their remodeling activities.
